Introduction

I
nsights from the study of tumor-inherent mechanisms that lead to increased vascularization have long been exploited to improve angiogenesis in engineered or diseased tissues. For example, spatiotemporally controlled delivery of proangiogenic factors and vascular cells represents a common approach to induce therapeutic angiogenesis. 1, 2 Now, tissue engineers may return the favor to the cancer biologists by providing new culture platforms that will help to dissect further the angiogenic processes in tumors. Advanced in vitro platforms that recapitulate both the macro-and microscale physiology of solid tumors may reveal new mechanisms and effects implicated in tumor angiogenesis. Specifically, three-dimensional (3D) culture systems that integrate vascular structure, a key microphysiological component of surrounding host tissues and of advanced tumors themselves, will enable pathologically relevant testing of hypotheses and therapies.
Blood vessels not only provide a foundation from which neovascularization of developing tumor occurs, but also constitute an interface for the exchange of chemical and cellular factors between tumor and host tissue. 3, 4 Specifically, convective mass transfer regulates hydration, exchange of metabolites, body temperature, and the transmission of chemical signals (e.g., growth factors and chemotherapeutic drugs). 3, 5 Further, perfusion processes control the transport, recruitment, and replication of secondary cell types that may be critical to tumorigenesis, metastasis, and the efficacy of chemotherapies. For example, capillaries guide the transport of bone-marrow-derived progenitor cells 6 and immune cells 7, 8 and constitute supportive niches that control the activation and maintenance of cancer stem cells. 9 In these roles, vascular structures define the physicochemical and cellular state of a tumor at all stages of development (pre-and postangiogenesis) and set important criteria for the design of successful therapeutic interventions.
Conventional 3D culture systems enable the recapitulation of certain characteristics of tumors such as gradients of oxygen tension, 3D cell-cell and cell-matrix interactions 10, 11 ; however, they exhibit limitations in their ability to couple local cell behavior with convective mass transfer to systemic sources of morphogens and cells. Conventional microfluidic systems for cell culture, on the other hand, provide fine control of the physical environment of cells living within the fluid-filled space defined by the microchannels 12, 13 ; however, they fail to provide exchange of solutes and cells with a bulk tissue, specific barrier properties of the endothelium, and potential for angiogenic progression. The appropriate integration of tissue engineering strategies and microfluidics has the potential to overcome these limitations and transform in vitro approaches for the study of cancer.
Here, we present a vision of this fusion of tissue engineering and microfluidic technologies ( Fig. 1) , and explore the challenges and opportunities associated with the development of microfluidic tumor models.
Engineering Design Considerations
As suggested in Figure 1 , microfabrication can be exploited to generate the initial conditions of a tumor model with well-defined microstructure in both the matrix and the cellular composition.
14, 15 The inclusion of microchannels within the 3D matrix maintains the benefits inherent to 3D culturefor example, spontaneous emergence of metabolite gradients and cell-matrix interactions-while providing access to the bulk of the developing tissue. The potential benefits of these conduits include spatially resolved delivery and extraction of solutes to control and monitor the biochemistry of the tumor's microenvironment; growth of an endothelium in an 1 appropriate architecture to act as a biologically specific interface between the tumor and the blood volume 16 ; delivery of circulating cells such as bone-marrow-derived endothelial progenitor cells (EPCs) to study their attachment, integration, and influence on the angiogenic process 17 ; and definition of physiologically relevant hydraulic stresses-for example, wall tension and shear stress on the endothelium-to study their roles in angiogenesis, tumor development, and drug delivery. 5, 18, 19 An ideal model will also accommodate significant morphological changes during culture. In particular, recapitulation of sprouting angiogenesis in this platform would allow for real-time observations of the entire angiogenic progression while maintaining unprecedented control of physical, chemical, and biological parameters via the externally controlled perfusion. Such studies could shed light on outstanding questions related to the origins of hypervascularization, high vessel permeability, and the migration of cells into and out of the tumor during immune response and metastasis. 5, 20 The realization of this vision presents significant engineering challenges. Paramount to this effort is the development of microfabrication techniques in appropriate materials to define micropatterned structures and distributions of cells in 3D. Advances in lithography 14, 21 and printing technologies 22 for processing cell-seeded hydrogels provide a foundation for this work, yet continued refinement of the spatial resolution of fully 3D fabrication processes and of material characteristics (e.g., to allow for cellular remodeling with the maintenance of structural integrity) are desirable. Additional challenges include the necessity for microfluidic tumor models to be compatible with microscopy to allow for in situ and histological analysis, as well as for the selective harvest of cells for genotyping.
Biological Design Considerations
By controlling the cellular composition of the microfluidic tumor models, it will be possible to adjust the complexity of the culture system to the specific question to be addressed.
For example, biologically relevant conditions can be recreated by including mixed cell populations consisting of tumor cells in the bulk, stroma cells in the periphery, endothelial cells lining the vessel, and immune cells being transported and recruited via the biomimetic perfusion (Fig. 1b) . Additionally, pericytes, important functional components of the tumor vasculature, may also be incorporated into these systems. 23 By selectively adding or subtracting complexity, it will be possible to investigate responses of individual cell types in the presence and absence of specific cellular mediators, studies not possible with in vivo analysis. This approach will enable analysis of potential circulating molecular and cellular components that promote tumor angiogenesis, via, for example, the recruitment of bone-marrow-derived progenitor cells. 6, 24 These circulating progenitor cells are known to modulate tumor progression, but it remains unclear when, how, and where these cells act. While EPCs differentiate into mature endothelial cells and incorporate into vascular networks, hematopoietic progenitor cells preferentially localize to the perivascular space. 25 Perfusion of these cells into microfluidic, humanized tumor models may allow for the elucidation of the underlying cellular and molecular mediators and spatiotemporal regulation of their tumorigenic behavior. The cell types to be used for the development of microfluidic tumor models can be primary cells, cell lines, or patient-derived cells. This universality enhances the prognostic value of these models by enabling the comparison of well-characterized cell behaviors with actual patient samples. Further, the use of patient-derived cells will permit individualized drug testing, which may improve therapeutic outcomes by identifying and excluding (non-) effective treatment options before the actual start of the therapy.
To further enhance the tractability of microfluidic tumors, it will be beneficial to develop these systems from artificial extracellular matrices. Beyond their role in maintaining the structural integrity of the microfluidic channels, these matrices must also provide appropriate spatiotemporal presentation of signaling molecules (e.g., sequestration and 
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cell-demanded release of growth factors) and allow for cell adhesion and matrix remodeling to permit the invasion of tumorigenic and normal cells, both of which are critical for tumor formation. 26, 27 Further, the biomaterials that form the microfluidic scaffold will have to recapitulate and withstand mechanical cues such as enhanced matrix stiffness and interstitial pressure, respectively, that modulate cell signaling via mechanoreceptor signal transduction. 28 
Future Perspectives
A number of requirements will need to be met to allow for routine application of microfluidic tumor models in academia and industry. For example, scaling up of the fabrication process will be required to enable multiplex analyses of cell behavior and drug response. To this end, microfluidic tumors may be developed as tool boxes in which individual cellular and molecular components of the tumor microenvironment can be selectively added depending on the specific scientific questions to be answered. Further, it will be necessary to develop approaches in which the biomimetic vascular channels can be connected to other body compartments to study systemic effects related to different experimental conditions or treatment regimes. For example, anastomosis of the developed vascular structures with the host vasculature following in vivo implantation may warrant such studies. 29 Alternatively, the development of tumors-on-a-chip strategies may be ideal to test the efficacy and negative side effects of therapeutic strategies. 30 In particular, such a platform could help to optimize important aspects of antiangiogenic therapies ranging from the development of the drug itself to the actual treatment of patients (e.g., chemical efficacy, choice of delivery vehicle, appropriate temporal profile of delivery, intratumoral localization of the drug, and efficacy of normalization of low quality vessels 5 ). In summary, microfluidic tumor models are applicable to studying a wide range of questions related to tumorigenesis, tumor vascularization, and antiangiogenic therapy. They have significant potential to enhance progress in the fields of cancer biology, tissue engineering, and microfluidics, which collectively may yield new universal or individualized anticancer therapies.
